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Gridsweremountedinthe
tube. Theincidentshockwave
intotransmittedandreflected
aswellasthespeedsofthese

Em4MAm

Dosanjh

SHOCKWAVES

pathoftravelingshockwavesina shock
afteritscollisionwiththegridsplit
shockwaves.Theemergenceandthe~owth
shockfrontswererecordedwithshadow-

graphicaswellaswithhot-wiretechniques.Itwasobservedthatthe
dtstortedshockltrontsemergingoutofthegridbecameessentiallynor-
malandplanewithinanequivalentdistanceofabout12meshlengths.

Whenrelativelystrongincidentshockwaveswereused,thegrid
r choked.A simplifiedsemiempiricalanalysisledtotheconclusionthat

concurrentwiththischokingphenomenontheupstreamflowapproaching~
thegridassumeda constantMachnumber.Thecalculatedpressure-drop
coefficientalsoexhibitedtheeffectofthechokingofthegrid.

.,
Thereflectedshockwaveadvancesupstreamagainstthedriftflow

associatedwiththeincidentshockwave.Theflowbehindthereflected
shockfront,however,isdirectedtowardthegrid.Afteritspassage
throughthegrid,theflowbecomesturbulent.Thetransmittedshock
frontisreflectedfromtheclosedfarendoftheshocktube.The
shadowgraphsoftheinteractionoftheadvsacingreflectedtransmitted
shockfrontwiththisturbulentflowfieldareexaminedandtheobserved
changeinthespeedofthereflected-transmittedshockisdiscussed.

Theoscillogramsofthehot-wireresponseofvarioustransientflow
regionsareexaminedandsomepreliminaryconclusionsregardingthestate
oftheflowdownstreamofthegridaxereached.Alsoa fewsuggestions
fortheextensionofthisworkareincluded.

INTRODUCTION
.

Thehot-wireanemometerisextensivelyusedinturbulenceresearch0
bothinsubsonicandinsupersonicflows.Inwindtunnelsmeantfor
turbulenceresearchsomefluctuationsareusml.lypurposelysuperimposed
onthemeanflowandthehot-wireanemometerisusedtoinvestigatethe
characteristicsofthesefluctuations.

. .—-. . . ..——— —- --— .—— —.- . . . —- . . . ..
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Sincethehot-wireanemometerhasa comparativelyfastresponseto
c .

fluctuationsinflowconditionsand/orinheatingcurrent,Ithasbeen
successfullyusedtotivesti~tetransientflowphenomenaina shock I
tube(refs.land2).

Thetransientwavefrontsandtheassociatedmeanflowsmsyhave
inthemsomefluctuationsinherentlypresentorpurposelyintroduced.
Theusualopticaltechniques(shadowgraph,schlieren,andinterferometer)
furnishonlya limitedamountofquantitativeappraisslofsuchfluctu-
ationsinthetransientflowfields(refs.3 and4). Thehot-wireane-
mometercanalsobeusefullyemployedforsuchinvestigations.

Itishardtofinda convenientendsimplesourceofturbulence
whichcanbeadaptedforinvestigations(suchasshock-waveturbulence
interaction)ina conventionalshocktube.Somepreli.mingmyobser~
tionsweremadeforthefollowingcases.

Inthetheoreticalanalysisoftheshock-tubeflowsthecontact
surface,thatis,theboundsrybetweenthegase~andedfromthecom-
pressionchamberandthegascompressedfmnntheexpansionchamber,is

9

normallyassumedtobea sharp&Lscontinui@acrosswhichthereisa
suddenchangeintemperatureanddensity.Theflowbehindthissurface ,,
isalsoassumedtobe smooth.However,itisqualitativelyknownfrom
opticslobservations(refs.‘jand6) andhasbeenconfirmedbyhot-wire
investigations(refs.2 and7)thatthissurfaceisnota sharplydefined
thermodynamicdiscontinui~sndthattheflowbehindthissurfaceis
highlyturbulent.Theintenseturbulentfluctuationsinthisfloware
causedbytherupturingcharacteristicsoftheordinarycellophane
sheets,theusual.diaphragmmaterial.Theintensityandthecharacter
ofthesefluctuationsarenotpreciselycontrollable.Thus,although
thecontactsurfaceflowisintenselyturbulent,itsdoubtfulreproduc-
ibilityrend~editunsuitableforthepresentpurpose.

Itisweld.knownthatthefluwofa jetbecomesturbulentonlya
shortdistsncedownstreamfromitsexit.Thisseemedtoofferaneasily
obtainedturbulentflowfiel.d.Thegeneralaimwastoinvestigatethe
traveling-shock-wave-turbulent-jetinteraction.Vsriousarrangements
ofdlfferentjets,mountedeitheroutsideorinsidetheshocktube,were
tried.Aftersomeprelindmryexperiments,theseeffortswereabandoned
infavoroftheexrangementdescribed.-

Grids(orscreens)arecommonlyusedtoproduceisotropicturbulence
fieldsinwindtunne~(refs.8 and9). BYadaptingthistechniquefor 0
useintheshocktube,controlledturbulentflowswhichweresuitable
for.a detailedinvestigationcouldfinallybeproduced. “

Whena travekingprhmry(incident)plsmeshockwavereachesthe
gridmountedh itspath,itsplitsintoreflectedend.transmittedshock
waves.Thedriftmassflowassociatedwiththesewavesbecomesturbulent

. ..-—. —..-—--- —..——. -—. . —-— . ..-— ---- .———- .
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afteritspassagethroughthegrid.Thisturbulentcontactsurfaceand
theassociatedwavepatternsreconsistentlyreproducibleandthuscan.
be systematicallyinvestigatedif somesuitableinstrumentationis
developed.

Itwasdecidedtousethehot-wireanemometerinconjunctionwith
shadowgraphs.lAt present,theexperimentaltechniqueis capableof
measuringthespeedsoftheincidentshockwaveaswellasthoseofthe
transmittedandreflectedshocks.Fromthesethreemeasurementsone
cancalculatethepressuredropbetweenregions~ and~ (figs.1 and2)
forgridsofvariousconfigurationsandsolidifiesandfordifferentI shockstrengths(i.e.,atdifferentReynoldsandMachnunibers).

Othermiscellaneousinvestigations,suchasthesh.adow~aphic
recordsoftheemergenceandgrowthofthetransmittedandreflected
shocks,thechokingofgrids,andtheinteractionoftheturbulentcon-
tactsurfacewitha reflectedtransmittedshock,arediscussed.Bythe
useofa hot-wireanemometer,thetemperatureandmass-flowcharacter-
isticsoftheflowfieldsassociatedwiththetransmittedshockwaveand
theturbulentcontactsurface=e recordedandexamined.

0
TheauthorisindebtedtoDrs.FrancisH. ClauserandLeslieS.G.

Kov~sznayfortheirencouragementandmanyhelpfulandstim~atingdis-
cussions.Mr.RichardSwartley’shelpwiththeexperimentalworkis
appreciated.

Thisresearchwassupportedby theOfficeofScientificResearch
oftheAirResearchandDevelopmentC!omandoftheDepartmentofthe
AirForce.Theauthorwishestoexpresshissincereappreciationfor
thissupport.

ThepresentreportisessentiallybasedonPartIIofa disserta-
tion(ref.1) submittedby theauthorto theFacultyofPhilosophyofthe
JohnsHopkinsUniversityinconformitywiththerequirementsofthe
degreeofDoctorofPhilosophy.Ithasbeenmadeavailabletothe

~ NationalAdvisoryCommitteeforAeronauticsforpublicationbecauseof
itsgeneralinterest.PartI ofthedissertationhasalreadybeenpub-
lishedbytheNACAasTechnicalNote3163(ref.2).

.
%he preliminaryexperimentalobservationsofthisworkwerepre-

sentedby theauthoratan informalshock-tubemeetingatPrinceton
UniversityinJanuary1953.At thesamemeeting,Dr.I.I.Glassof
theUniversityofToronto(Canada)showeda position-against-time
schlierenofshock-screeninteractiontakenina waveinteractiontube.
Forsubsequentdevelopmentsoftheshock-screen-interactioninvestiga-
tionsby theresearchgroupatToronto,seereferences10and11.

_ _ ._._-. .—....+- ....——. —..—- .-,. ......+.. —~ .— —— -..-.— ——-—- .-— ——--——-- -
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SYMBOLS

Acr minhumcxiticalcrosssection

Ao totalopenareaofgrid

At totalsxeaofgrid

a speedofsound(subscriptindicatescorrespondingregionofflow)

b barortie width

beff effectivewidthbetweenperforationsinperforatedplateorwire
widthincommercialscreens

d

e

k

h

M

P

Re3

specificheatatconstantvolume

diameterofcircularholesingrid

internalenergyperunitmss ofes

pressure-dropcoefficient

meshlength(seefig.2)

Machnulliber

pressure

Reynoldsnwiberbasedon Beff ascharacteristiclength

4 pressuredrop,P3-P~

s strengthofincidentshock,
dP PI

%
$

strengthofreflectedshock,p “2

ST stq Oftransmittedshock>P#Pl

ST’ stren@hofreflectedtranmlttedshock,
P‘6 5

,

.#

s solidi~rktioofa gridorscreen

T temperature

..-



..

.

.

NACATN36&I

u

h

4

u’

uT‘

()uT’c

u

Y

P

P

c

x
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speedofincidentshock

speedofreflectedshock

speedoftransmittedshock

speedoftotallyreflectedincidentshock

speedoftotallyreflectedtransmittedshockwavewhenitadvances
againstdriftflowassociatedwithtransmittedshockfront

speedoftotallyreflectedtransmittedshockwavewhenitadvances
againstturbulentcontactflow

velmcityofdriftflow

ratioofspecificheats

viscosi~

density

Subscripts:

1,2,3,4,5,6regionsofflowasshowninfigures1 and2;forexqle,
u3, T3,@ sofofih=e parrotersforre@on3 which
liesbetweenupstreamfaceofgridandreflectedshock
front

contactflow

distancedownstreamfromgrid

Thee~erimentalequipmentconsistedofthefollowingfunctional
units:

(1)Shocktube

(2)Timingandtriggeringdevice

(3)Gridssadtheirmouuting

(4)Hot-wireequipment

(~)~~-nt forShadowgraphs

. . ... . -_ -.. ___ ..__ .- -—.-—— . ——.——— _. —— ————-
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Theequipmentisthesameasthatdescribed
a briefdescriptionwillbegivenhere.

ShockTube

Theshocktubeconsistsofa steelbox

NACAmJ-’3680

in references1 and2. only

ofuniformcrosssection
(appro-tely6by4 inchesinside)whichisdividedintotwochanib~s
bya tiaphragmacros~whicha pressuredifferentialcanbe sustained.
Thehigh-pressuresideiscalledthecompressionchauiberandthelow-
pressuresise,theexpansion-= (fig.3). TheshocktubeiS~id
withits6-inchsidehorizontal,thusaugmentingtheeffectsofthedis-
turbancesinthedensi~gradientbecauseofthelongerpathofthebeam
oflightthroughthedisturbeilregion. ,

Thetotallengthoftheshocktubeis29feet.Theaids=e
mountedbetweentw~glasssectionsabout16
locationofthediaphragm.

TWng and!I&iggering

feetdownstre&fromthe

Device

.

●

Thetimingofshockspeeiisantisynchronizestriggeringforshadow-
graphswereachieverlbytheuseofa hot-wireanemometerasa transducer.
Whentheshockwavepasseaovertheheatedwire,itsresponsetothe
stia~ changein flowconditionsresulteainthenecessaryelectric
pulse.Theblockdiagramoftheassociatedelectricsystemisshownin
figure4. Forcletailsseereference7.

.

Grids=a TheirMounting

Thefoll.owinggridshavebeenactuallyused:

(a)One-fourth-inch-thickperforatesteelplatewithsharp-edged
holesofO.25-inchdiameter(reemea)and25-percentsolidity

(b)One-fourth-inch-thickperforatesteelplatewithsharp-edged
holesofO.512-inchdiameter(reamed)and25.percentsolidity

Thesegridsareshuwninfigure5. Theyweremountedbetweentwo&ss
sectionsasshowninfigures6 and7. Thisarrangementmadeitpossible
torecordsimultaneouslythereflectedshockwaveupsla?eamfromthegrid
aswellasthetransmittedshockwave,turbulentcontactsurface,andany
associateflawphenomenadownstreamfromthegrid. .

Theearlierarrangementdianotincludethesecondglasssection
anatherewasaboltneartheendoftheglasssectionwhichshowsupin

.

someoftheshadowgraphsreproduced(seefig.8).
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, Thegridwasvisiblefromoutsidethroughtheglasswindows(fig.7).

Iftheflyingcellophaneparticlesfromthediaphragmgotattachedto
thegrid,thusblockingsomeorifices,theywereblownoffwitha high-
-pressurejetofair.Foropen-endoperationoftheshocktube,thiswas
rathereasy.However,forclosed-end
especiallyforhigh-strengthincident
necessarytounbolttheendplateand
fromtheshocktubeand/orthegrid.

operationoftheshock~be ad
shocks,itwasquitefrequently
blowoutthecellophaneparticles

Hot-WireEquipment

Thehot-tieequipmentusedinthisinvestigationwasdesigned~
Dr.LeslieS.G.Kov&smqy.ItutiMzestheconstant-currentarrange-
mentfortheoperationofthehot-wireanemometer.Theegpi.pmentcon- ,
sistsoffunctionalunitssuchascontrolunit,calibrationunit,and
compensatingamplifierassenibledtogether.Fordetailedinformationsee
reference12. Thearrangementusedtorecordoscillographicallythe
responseofthehot-wiretovari6usfluwregionsisshowninfigure9.

ArrangementfcmShadqgraphs
.

Thepointsourceoflightfortheshadowgraphswasprovided~a
Suddenhigh-voltagedischarge(about6,OOOvolts)ofsixc~
arrangedcondensers(total.capacityof0.12microfarad)witha firing
timeofaboutl microsecond(ref.13).

Thesynchronizationofthefiringofthespsrkwiththearrival
oftheshockfrontatthedesiredlocationwasachievedbysettinga
preestimateddelsywiththehelpofthepresetdelaygeneratorwhich
isactuatedbythepulsefromthetriggeringhot-%dre(fig.3).

used

Threedifferentarrangementsofthebeamofl.ightweretiied:

(a)Divergentbeamoflight;thatis,thesourceofligbtwas
withoutauycollimatinglens(’fig.10).

(b)Parallelbeamoflight(collimatedbyKodakf/4.5lenswith
1.2-inchfocallength). T& fieldofviewwasonlyabout2.6inches
indiameter(fig.I-1.).

.

(c)Parallelbesmoflight(colMmtedbya f~.5lenswith
~-milll.heterfocallength).Thefield.ofviewwasapproximately
4.4inchesindismeter(fig.7). Thisarrangementmadeitpossibleto
takeshadowgraphicrecordscoveringthecompletetop-to-bottomsection
oftheshocktube.

Theopticalarrangementusedisindicatedundereveryshadowgraph
reproduced.

----- . . ——.——— — --- -——- ——.-—--- —-—-— . .——-. —.—- ——-— -- -—-
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SCOHiOF INVESTIGATION
.

thepresentinstigationthefollowing
mainconcern:

.

NACATN3680

aspectsoftheproblem

(a)Theexsmimationoftheeffectsofthegridsontheshockfronts—
and~eb subsequentbehatiw

(b)Determinaticmofthepressuredropbetweenlocations“fsr”
upstreamaud“far”downstreamofthegrid

(c)Theinteractionofthereflectedtransmittedshockfrontwith
theturbulentcontactsurface

(d)Theuseofthehot-wireanemometerforrecordingthecharacter-
isticsofthevsriuuswawefrontsandtheassociatedfluwfieldsonthe
downstreamsideofthegrid

Alltheseaspectsareinfluencedbythegridgeometrywhichcaube
variedby changhgeithertherelativedimensionsofthepatternele- b
mentsorthepatternitself.Themof3tccmmumpatternusedina conven-
tionalwindtunnelisthesquare-meshlatticeformedbystraightbsrs
or-es evenlyspacedinbothdirections.TQesetworectilinearsets
ofbarscanbearrangedinoneortwoplanes.Commercialwovenwires
arealsocommonlyusedandtheyusuallyareintermediatebetweenthe
singleandthebiplsnetypes.Perforatedplatessrealsofrequently
used(ref.8).

Iutheshock-tibeworkthewirewovenscreens(ref.10)aadper-
foratedplatesareconvenienttouse.Theycanbeeasilymountedand
canalsobesealedforpartialvacuum(fig.6).

Thesolidi~ratios istheratioofthetotalprojectedareaof
thesolidpartsofthegridexposedtothegastothesxeaofthegrid
boundary.Whenthegridsaremountedperpendiculartotheflow,the
solidi@ratiois

. s=%+

J%
ThisessentiaJ2yisthefractionalde~eetowhichthegrid(orscreen)
obstructstheflowandisa measureoftherelativescaleofitspattern.

Thepressuredrop,thatis,theenergychangethroughthescreen, w
isrepresentedbythepressure-dropcoefficient

&k=— .- (1) -
+## ~3u~

.—.
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where k isnormally
sol.ldityofthegrid,

a functionoflkch
anditspattern.

TheReynoldsnwiberisdefinedas

u3P3~effRe3=
V3

9

number,Reynoldsnuniber,

wherebeff istheeffectivewidthbetween

a perforatedplateorthewirewidthinthe
screens.

perforationsinthecase
caseofthecommercial

Fromfigure2, inthecaseofa sqmre-latticegrid

Openarea=

()

1.J2
Totalarea Lm

Inthecaseoftheperforatedplate

.2
Openarea. ‘t
Totalarea

v
~ %n2
2

Comparingrelations(3)and(4)

beff = ~ - 0.9~2d

(2)

of

(3)

(4)

(5)

Where~ isthemeshlength(fig.2).

ASSUMEDWAVEMODELANDASSOCIATEDFIELDSOFF!LOW

Afteritscollisionwiththegrid,theincidentshockwavegives
, risetoa transmittedshockwave(advancingdownstreamfromthegrid)

anda reflectedshockwave(aitvancingupstreamfmmthe grid).Seefig-
ures8(d)to8(g).Veryshortlyaftertheirdisengagementfromthegrid,

. theseshockfrontsaredistortedandarefarfrombeingplaneandnormal
(fig.X2). Theregionsbehindthemarestuddedwithcrisscrossingshock

.- - . .. . ..+ ..—.— -—- .-— .—-- — —. —.-—— —---- .—
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patternswhicharecausedbythediffractionoftheprimryshockover
thesolidpartsofthegrid.Thesediffractionshocklets,inturn, .
mat haveauassociatedcomplexsystemofrarefactionwaves,whichwill
natur~ fanoutastheflowprogresses(figs.8(e)and8(g)).-

7

Thereflectedshockwavemovesupstreamagainstthedriftflow
associatedwiththecorrespondingincidentshockwave.Huuever,the
flowatthebackofthereflectedshockfrontmovesdownstreamt-
thegrid.Afteritspassagethruughthegrid,thisflawemergesasa
systemofnmltiplejets(figs.8 and12(f)). A shortdistancebwn-
streamthesejetsmergeandsubsequerrtlytheirturbulentflowfield
coverstheentirecrosssectionofthetube.

Whenoneconsidersthatthisisa tr~ientphenomenonandhighly
unsteadynearthegrids,thecmqilexi~ofanytheoreticalamlysisof
theproblemisself-evident.However,therapiditywithwhichthese
fragmentaryshockfronts(bothtransmittedandreflected)jotiand
straightenupissurpris~(seesection“Structureof!lhnansmittadand
ReflectedShock~onts”)audtheirspeeds.@ereafterseemtobe@te
Constant● .-

&
Tomakethesubsegmentanalysisoftheexperimentaldatapossible,

thewavemodelasreproducedh figure1 isproposed.Thevarious
regionsoftheflowarenunheredforlateridentificationofthecorre-

,>,

SP- flawparameters●

Thismodelrestsonthefoll.uwingassumptions:

(1)Theincidentshockisplane,normal,andconstantinstrength.

(2)I!eyonda shortdistancedownstreamfromthegrid,thetrans-
mittedshockisplane,normal,andconstantinstrengthandhasa
uniformflawfieldbehindit.

(3) Themiltiple jets issuingfkomthegrid holesarefullycon-
tractedandessentiallyundiffusedveryclosetothegrid.h thevery
earlycourseoftheirflawtheyrobs,diffuse,andbecometurbulent.It
isassumedthatthereisnopressureandparticlevel.oci~discontinui_&y
betweentheturbulentcontactregionandthedriftflowbehindthe
transmittedshockwave..

(4)Thstransmittedshockwhenreflected,thatis,thereflected
transmittedshock,isalsoplane,normal,andconstantinspeedbeforeit
interactswiththeturbulentcontactsurface. .

(5)Thereflectedpartoftheincidentshockisalsoplaneand
normalsomeveryshortdistanceupstreamfhomthegrid. .

—-- —— —-— ...—.. - .- —
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Theseassumptionsimplythattheeffectofthesecox waves
(diffractionshockletsandassociatedrarefactions)isignoredafter
therefl.ectedandtransmittedshocksarereasonabl.yplane.Theseassump-
tionsareobviouslycrude.Someobserveddeviationwillbediscussed
later.

CONSIDERATIONOFVARIOUS

ASSOCIATEDFLow

WAVEFRONTSAND

FJXLDS

Thepropagationofa constant-veloci~shockwaveina homogeneous
mediumwouldappearasa steadyprocesstoanobservermovingwiththe
shockfront.Inthiscoordinatesystemandundertheassumptions
detailedintheprecedingsection,thegasmotionassociatedwiththe
travelingincident,reflected,andtransmittedshockwaves,csnbedescribed
bytheconservationofmass,momentum,andenergyequationsofa plane,
normal,andstationaryshockfront(ref.14).Therelationsfortherele-

.. vantflowpsmmetersaresummarizedbelow.

IncidentShockWave

Inthecaseoftheincidentshockwavecasethegasinfrontof
thetravelingshockfrontisatrest.Applyingthestandardknownanal-
ysisofa stationaryplanenormalshockwaveonegets

U2 2

(

%?

)

u-~.=— — -
~ 7+1U-U2 S2

()2s .P~= 27 u 7-1-—
PI y+lal 7+1

(6)

(7)

(8)

..—- .- -.. --- -—-- .-— —- —- —— -—----- — .—.— —— .— -
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The“correspdlingRankine.Hugoniotrelationis

~+
7+1

~=%? 7-1

% ,_—7+1 P1+1

Y- 1 Pa

7+1
i-s

7-1

(9)u=
u -U2

Also

(lo)

Iftheincidentshockspeedandtheinitialconditionsinfrontofthe
shockareknown,allofthegasparameters,suchas u& % P#JPl>
P
@’ F

~,and T2 ~, cm be calculated(ref.2). I

I

TransmittedShockWave

Thegash frontofthetransmittedshockwaveisalsoatrest.
Thisshockfrontobeysrelationssimilartotheincidentshock.
Therefore,

(J-u

.

(12)

.-
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.

()+=~=2L32y-1.—
7+lsl 7+1

A
7-1

13

(13)

(14)

Ifthespeedofthetransmittedshockwaveandtheinitialconditions
infrontofitareknown,allofthegas~ameters,suchas uq, ~,

ReflectedShockWave

Thereflectedshockfronttravelsupstreamagainstthedriftflow
generatedbytheincidenttravelingshock.However,held.ndthis
reflectedshockwavetheflowisdirectedtowardthegridwithan
approachvelocityu3. Thedriftvelocitiesu2 and U3 sretiected

oppositetothedirectionofadvanceofthereflectedshockfront
(fig.2). Inthecaseofa totallyreflectedshockwavefroma solid
boundary(gridwithsolidi~ratios = 1) U3= o.

Applyingtheconsiderationsofa stationaryplanenormalshock
wavetothisreflectedshock

%=:=

front,onegets

-(2 *+U2 + )—-w (16)7+1 a2

()27 %+%2 7-1
7+1 a2 7+1

(17)

----- .—.———... .. .— ..— — .—-—— .- —.. . .—— .-—. ——. - —-.--——
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Sincethe Machnuniberoftheflowapproachingthegridis

3= U3%?
%= ‘–a3 %2a3

~ conibiningrelations(16)to(20)onegets

.

(18)

(19)

(20)

‘3=b+=%!l/*

(21)

Thetransmittedshockwaveisreflectedfromtheclosedfarend
oftheshocktube.Thisreflectedtransmittedshockfronttravels
upstreamagainstthedriftmassflowassociatedwiththetransmitted
shockwave. Withrespecttothereflectingsolidbuundary(theclosed
end),itsspeedisgivenby

‘“‘a’* (22)

IftheexperimentalspeedUT ofthetransmittedshockwaveIsmeasured,

thenitsstrength~ isknown(relation(13))andthereforethe

e~ectedvaluesof ~‘ canbecalculated.Thisalsoleadstothe
strength~‘ ofthereflectedtransmittedshock.
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,
ExpressionforPressure-DropCoefficient

FYOmrektion(18)onegets

.1

Fkomrelation(17) onegets

Fromrelations(16) and(23)

)?romrelations(13)and(24)

.

r- .

~ 27 ()~+u,2 ~.~.—
7+1 a, 7+1
1-

.

(23)

(24)

) 1+7+1
P2 7“ 1%
— (25)
PI 7+1

—+%7-1

()227 U2

7+lal 17-1-—
7+1

(26)

. . ... . . . ..——.—.— —— ..-— — —— .- ..-— — — . .-— — . ..-— _ -— .. . ----
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)?romrektions(25)and(26)

(27)

Thetheoreticalvaluesof ~ and UT (andthereforek)willsurely .

besomefunctionsoftheeflectivesolidi~ratioofthegridandthe
strengthoftheincidentshockwave.suchm analysisisstilllacking.
RromthemeasuredincidentshockspeedU andtheknowninitialoperating
conditionsintheshocktube,theshockstrengthS andtheflowparam-
eters~ and ~ axelmown.Ifonealsolmowstheexperimentalvalues
of ~ and UT}thepressure-dropcoefficient.k canbecalculated
fromrelation(27)(seesectionentitledDeterminationofPressure-Drqp
Coefficient”andfig..13).

DeterminationofReynoldsNtiers

TheoperatingReynoldsnumberhasbeendefinedas

P3~beff
Re3=

P3

wherebeff isthecharacteristiclength.

Dependingwon theoperatingconditionsintheemansionchaiber
andtheincidentshockstrength,onecanproduceflowsofdifferent
Reynoldsnuniberforthesamegrid.TOfitiqU3 ~d W3 onemakes

.
useofthemeasuredshockstrengthsoftheincidentandthereflected
shockwaves.
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lbomrelation(19)onegets

KnowingT3,thecorrespondingW3 canbefoundfromthetablesin
references15to17. Thecalculatedrangeofthevaluesoftheoperating
ReynoldsnunibersforthegridwithholesofO.25-inchdiameter(fig.~(a))
isgiveninfigure14. Notethemarkedeffectstheinitialoperating
conditionsoftheshocktubehaveontheReynoldsnumberoftheflow.

EXPERIMENTALEROCEDURE

Essentiallytherearethreedifferentoperationscarriedout:

(1)

(2)

(3)

The

Measurementofthespeedsofvariousshocks

Shadowgraphicrecords .

Oscillographicrecords

experimentalarrangementwascapableofhandlingallthree
operationssimultaneously.However,forconvenienceofoperation,only
thespeedoftheincidentshockwave(i.e.,thetimeittooktotraverse
a knowndistance)andshadowgraphpicturestakenafterpredetermined
delaytimeswererecordedsimultaneously.

Thehot-wire-responserecordsweretakeninconjunctionwiththe
speedmeasurementofthecorrespondingincidentortransmittedshock
wave.

Fortheevaluationofthevariousaspectsoftheshock-wave- grid
interaction(e.g.,thee~erimentaldeterminationofthepressure-drop
coefficientk andtheMachnumber% oftheflowa~roachingthe
grid),oneneedstoknowatleastthreedifferentshockspeeds:

(a)Speedoftheincidentshockwave

(b)Speedofthetransmittedshockwave

(c)Speedofthereflectedshockwave

. . . -.. —. ——- —-___ __—_ _ ._ _ . .--__ .. . . - .- .—--- —— —.. ... —-
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MeasurementsofSpeedsofIncidentand

I%ensmittedShockWaves

Themeasurementoftheincidentandtransmittedshockspeedscan
be conductedwiththehot-wireanemometerusedasa transducerfor
timingpurposes(ref.7 andfig.4). Forthearrangementofthese
transducersforincident-shock-speedmeasurementseereference2.

Incaseofthetransmitted-shock-speedmeasurement,mostofthe
timethestsrtingpulsewastakenfromatiminghot-wiremountedonly
2 inchesdownstreamfromthelocationofthegrid.~ shadowgraphs
takenclosetothegridshowthatthetransmittedshockwaswellformed
bythatstation.ThesecondtimLnghot-wire(forthestoppulse)was
locatedabout30inchesfsrtherdownstream.Forcomparison,a fewspeed
measurementsweremadewiththefirsttiminghot-wirelocatedsome
10inchesdownstreamfromthegrid.Theauthordidnotobservemy
definiteiU.fferenceinthespeedofthetransmittedshock.

Becausetherewereonlyonechronographandonlyonesetoftriggering~
units,speedsoftheincidentshockwaveandthetransmittedshockwave
weremeasuredseparately.Atonepressuresettingthespeedofthe
incidentshockwasrecbrdedseveraltimesandtheaveragetaken.However,
itmsybepointedoutthatinconsectiivemeasurementsthescatterwas
negligible.Thesameprocedurewasfol.loweaforthetransmittedshock.

Ifanadditionalsetoftriggering-units(ref.7)endonemore
chronographhadbeenavailable,then,of course,thesimultaneous
recordingoftheincident@ transmittedshockspeedswouldnothave
presentetianyproblem.

Analternativeprocedurewasalsopossible.Bymountingfourhot-
wires,twoupstreamandtwodownstreamofthegriil,andtakinganoscil-
lographicrecordoftheirdifferentiatedoutput,thehot-wiretechnique
cm beextendedtoaccommodatethesimultaneousrecordingoftheincident
transmittedandreflectedshockspeeds.

MeasurementofSpeeclofReflectedShock

Sincethehot-wirepickuptleviceandtheassociatedcircuitas
operateaatpresentwerenotcapableofmeasuringdirectlythetimethe
reflectedshocktooktotraversethedistancebetweentwoknownstations,
thefollowingopticaltechniquewasrescmteato. .

Thegridwasmountedbetweentwoglasssections(each12inches
long)atabout16feetdmnstreamfromthediaphragm.Theupstream

.. ——. —— --- -.
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glasssectionhada graduatedscaleonwhicha pointer(ordinarysewing
needle)wasmountedsuchthatitcouldbeslidbackandforthwithits
tipshowingupintheshadowgraphs(fig.15(a)).

Usingincidentshockwavesofthesamestrengthsuccessfullyfor -
a numberoftimes,theshadowgraphsofthecorrespondingreflected
shockfrontwererecordedatdifferentlocations(anywherebetween1 inch
to11inches)upstreamfromthegrid.Thiswaseasilyachievedby
adjustingtheestimateddelaytimesuchthatthereflectedshockfront
shouldappearinthefieldofviewofthecollimatedsourceoflight
endclosetotheprearrangedpositionofthereferenceneedle.Since
thespeedsofthedifferentreflectedshockswerenotknown,tostart
with,a trialanderror.methodwasfollowed.Lateritwasnormally
easytoestimatetherequireddelaysettingswithina workableaccuracy.
Thespeedsofthereflectedshockwaveswerecalculatedbymeasuring
thedistanceapartofthetwolocationsoftheshockfrontfora known
differenceintimedelay.Whenthedifferenceofthetwocountsofthe
presetdeleygeneratorcorrespondingtotwosuccessivelocationsofthe
reflectedshockfrontwastaken,theeffectofanyinherentdel~ inthe
triggeringsystem(ref.7)wasautomaticallycanceled.Whentherewere
relativelystrongincidentshockwaves,thereflectedshockfront
exhibitedcurvature(fig.15).Thepositionoftheshockfrontwas
alwaysmeasuredwithreferencetoitscentralstraightportion.

Aseachshadowgraphwastaken,thetimetakenbytheincidentshock
wavetotraversea knowndistancewassimultaneouslyrecorded.This
servedasa checkonthestrengthofthesuccessiveincidentshockwaves.
Thereproducibilitywasexcellent.

Sincethetransmittedshockisalreadycalibratedagainsttheinci-
dentshock,thespeedsofallthreemaintravelingshockfrontsinvolved
areknown.Curvesofshockvelocitiesagainstincidentshockstrength
aregiveninfigure16.

ANALYSISOFDATA

Structureof

Whentheincident
bythesolidpartsand

TransmittedandReflectedShockFronts

shockreachesthegrid,partofitisobstructed
partofitpassesunobstructedthroughtheholes

inthegrid.Justinflrontofthesolidpartsofthegridthereflected
shockletslocallyhavehigherpressuresbehindthemthanthetransmitted
psrtswhichenteredtheholes.Duringequalizationofthispressure
difference,a systematicpatternofdiffractedshockandrarefaction
wavesoriginates.

.——. —..— — .—...—— .—..———- —------ .. . ..
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Whenthetransmittedshockemergesfromthegrid,itsfronthas
essentiallythesamepatternasthatofthegrid.Becauseofthedif-
ferenceofpressurebehindtheseemergingshocksandthedead-airregion,
thereoriginatesanotherdiffractionshockandrarefactionpattern.The
rarefactionwavesveryconsistentlyfollowthetransmittedandreflected
shockfrontsandduringtheprocessoffanningouttheyseemtoweaken
theassociateddiffractionshockl.ets(fig.8(g))andtoa certainextent
theywouldweekenthemainshockfrontsalso.2

Thestructureofthetransmittedshockfrontcanbeexsminedby
takingstim~aphssuchthatthesourceoflightissetatanangle
tothetravelingshockfront(fig.10).Thiscanbedonebyusing
eithera divergentbeamoflightorcollimatedlight.Iftheprincip~
axisofthedivergentbeamoflightandtheshockfrontareinline
witheachotherthentheshockfrontitselfdoesnotrevealanystruc-
ture(fig.8(c)~. Thisalsoisthecasewhenthecollimatedbeamof
lightisparalleltotheshockfront(figs.8(e)and8(g)).Ifthe
beamoflAghtandthelocationoftheshockaresetatanangletoeach
other(fig.10),thentheshadowgraphrevealsaninterestingstructure
(figs.8(a),8(b),8(d),and8(f)). .

Theearlierarrangementhadonlyoneglasssectionandtherewas
aboltneartheend(figs.8(a),8(b),and8(c))whichobstructedthe
visibili*.Latertwoglasssections(withgridbetweenthem)wereused
andtheboltneartheendwaseliminated.Withthisarrangement,itwas
possibletorecordsimultaneouslythereflectedshockwaveupstream
fromthegridaswellasthetransmittedshockwaveandanyalliedflow
phenomenadownstreamfromthegrid.Some~ interestingsha.dowgraphs
weretaken(figs.8(d)and8(g)). Therepr~ucibilityoftheflowand
thewavepatternwasextremelygood.

Therelevantdataarelistedundereachshadowgraphreproduced
here.Theupstreamfaceofthegridcorrespondsto zero delaytime.
Thismeansthatthetimeregpiredbytheincidentshocktotraversethe
distancebetweenthetriggeringstationtotheupstreamfaceofthegrid
iscalculatedfromitsmeasuredspeedanddiscountedfromthereading
ofthedelaygenerator.Also,dueallowanceismadeoftheknowninher-
entdelayinthetriggeringsystem(ref.7). Thearrowsintheshadow-
graphindicatethedirectionofadvanceoftheshockfronts.

The“Venetianbtid”patternintheshadowgraphsoftheshockfronts
(fig.8)canbeexplainedsinceeachcolumnofholesisrepresentedby
itscorrespondingprojectedshockfrontasa verticalline.Theinter-
val(displacement)betweentheselinesisdependentonthegeometryof
thecolumns(cf.figs.8(d)and8(f))andtheinclinationofthebeam

.

oflightwithrespecttotheshockfront(cf.figs.8(a)and8(b))andthe

2Recently,perforatedwallshavebeeneffectivelyusedtoalleviate
‘theproblem ofshock-wavereflectionintheworkingsectionoftrankonic
tumnels(ref.18).
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locationofthephotographicfi2m(fig.10).
bands. Thereisa somewhatstrongerpattern

21

Therowsshowupascross-
atthetop@ bottom.This

wasduetotheasymmetricdistributionofthesolidpertsatthetopand
bottomrows(figs.8(a)to8(c)).Thiswaslatersomewhatimprovedby
drillingadditional.holesintheupperandlowerrows.However,the
effectofthecornerswasnotentirelyeliminated(fig.8(d)).

This“lookingfrombehind”theshockfrontwasfrequentlyusedto
ascertainwhena particularshockfrontbecamereallyplane.For
instance,forthegridwithlargerholes(diameterof0.512inch),such
shadowgraphsofthetransmittedshockfrontdidnotrevealanywaviness
afterabout7 inchesdownstreamfromthegrid;thatis,

- 13
E

wherex isthedistancedownstreamfromthegridand ~ isthemesh
length(fig.2). Fora l/4-inch-dismeter-holegridandthesameshock
strengththeshockfrontbecameplaneatabout3 inchesdownstream
(fig.12(a));thatis,

C“”

Thegridwithperforationsofl@nch diameterhad383holesas
against95fortheonewithperforationsof0.512-inchdiameter.
Therefore,inthecaseoftheformergrid,thewavepatternofthetrans-
mittedandthereflectedshockfrontsexhibitssmallerdisplacement.
Also,thediffractionshockletsinthewakeoftheshockfrontsare
comparativelymorecrowded.Thestructureofthewavefrontsassociated
withthegridwithlargerdiameterholeswasthusmoreclesrlydiscernible
withtheunaidedeyeandonecouldthusbecomparativelymoresureabout
thestraightnessoftheshockfront.

.
Theseobservationsweremadewiththeexpansionchamberoperated

atatmosphericpressure.Iftheseexperimentswerecarriedonwiththe
expansionchaiberatreduceddensities,thentheopticalresolutionof
theshadowgraphsiscompsrativel.ypoor.~ thesametokentheweaker
shocksexhibitlessmsrkeddistortionevennearthegrid(figs.12(n)
andM(o)).

Ifa moreprecisedeterminationofthepositionatwhichapartic-
ularshockfrontbecomes“perfectly”planeisdesired,itwillbepref-
erabletoboosttheopticalsensitivitybytheuseofgaseswithhigher
refractiveindexthanair(viz..lRreon-12andcarbontetrachloride
(ref.19)).
graphs,the

Thiswillalsomak~itpossibletoexamine,fromshadow-
advanceandmixingofthecontactsurfacediscontinui~

—. . . .. ..--——-— ----- ----— —— — ——. -. --—-— ..-—



forperiodslongerthannowpossiblewithair-airoperationofthe
shocktubehavingthickglasswindows.

DeterminationofPressure-DropCoefficient

Thepressure-dropcoefficientwasdefinedas

k.-
3392

Asdetailedinthesection“E@erimentalProcedure,”thespeedsofthe
incident,transmitted,andreflectedshockfrontsweremeasured,and,
usingtherelationsasdiscussedinthesection“ConsiderationofVarious
WavefrontssndAssociatedFlowIlel.ds,nthecorrespondingflowparam-
eters.~j ~, p3,~ P5 werecalculated(figs.17to19).The

valuesof k correspondingtodifferentshockstrengths(i.e.,differ-
entvaluesof % and Re3)weredeterminedandwereplottedagainst .

M2j(fig.13).Withincreasingvaluesof ~, thepressure-drop
coefficientk slowlydecreasesandwhensuchincidentshockstrengths
srereachedthatM3 becomesconstant(seethefollowingsection),k
sharplyticreases.Thesamedatawereusedforplotting

(‘3-p5)/p3
agdzlstU3. Thislogarithmicplotcou3.dbecloselyapproximated6ya
straightlineandfromitsslopeitwaa-erred that

(P3- %)/p3
variesapproximatelywiththe1.5powerofthevelocityU3 (saleref.20).
Afterthe~id exhibitschoking(i.e.,for S >3.2 and U3= 676 feet
persecond)theslopeoftheplotbecomessharplysteeper.By usingthe
datagiveninfigures17to19,onemayalsoplotanyotherphysically
me~ combination.

Thepresentexperimentalsetupdidnotlenditselfforthedeter-
minationofthepressurefieldjustdownstreamofthegrid.This
pressurefieldisassumedeventuallytoattainequilibriumwiththe
pressurefieldbehindthetransmittedshock.Therefore,k asdefined
hereisnotquiteidenticalwiththeconventionalpressure-dropcoeffi-
cientacrossa grid(or.screen).

Anincidentshockwaveofa particularstrength-begenerated .
byseveralcombinationsoftheinitialpressuresinthecompressionand
expansionchembersprovidedthepressureratioacrossthediaphragmis
maintainedthesame.Ifthee~ansionchaniberisoperatedatatmospheric -
pressure,thentheReynoldsnumbersRe3 areconsiderablyhigherthan

thecorrespondingonesfortheoperationoftheemsnsionchauiberat
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reducedpressures.Obviously,

aboutbythedifferenceinthe

thiswidevariation

densityPZ ofthe

23

in Re3 isbrought

flowfieldin
region3. Correspondingtothesedifferentarrangementsofoperation
of-theshocktube;theReynoldsnuuibersR~ are-plotted-st inci-
dentshockstrengthS infigure14.

Nonoticeableeffectsofexpansionchsmberpressureonthespeeds
oftheincident,transmitted,andreflectedshocksmeasuredforthe
samepressureratioacrossthediaphragmwereobserved.

ThischeckontheeffectofdifferentoperathgReynoldsnumibers
butthesameincidentshockstrength(i.e.,same~) waspossibleonly
for S~ 2. Forhigherincidentshockstrengthsamdopen-endoperation
oftheshocktube,excessivepressuresinthecompressionchmiberwere
needed.Thecompressionchamberwascapableofhandingthem,butthe
riskofcrackingtheglassplatesintheworkingsectionstoppedsuch
anattempt.It~, however,beconcludedthat,withinthislimited
rangeof S,ifthegridisoperatedatthesameMachnuniber~ but
differentReynoldsnumbersRe3,thenthereisnoobservabledifference
inpressure-dropcoefficientk. Correspondingtoweakincidentshock
waves(i.e.,atverylowlkchnuniber~), thepressuredropP3- p5
becomessosmalla differencebetweentwolargequantities(fig.18)
thatthee~erimentalvaluesof k @e notreliable.

ObservedDeviationsfromAssumedWaveModel

Auxiliaryshockpatternsadchokingofgrid.-Asitisevident
fimnrelation21),thelkh numberoftheflowapproachingthegrid
(i.e.,%) c~be calculatedifthestateoftheinitialstationary
mediumintheshocktubeande~erimentalvaluesof U,thespeedof
theincidentshockwave,and ~, thespeedofthereflectedshockwave,
are lawn. Sucha procedurewassystematicallycarriedoutfora consid-
erablerangeoftheincidentshockstrengths.It-S fouudthatfor@
gridused(fig.5(a))theWch numberM3 assumesa fairlyconstant
value;thatis, ~s$O.47 (fig.20)forincidentshockstrengths
sZ 3.2. Foralmostthesamerangeof S %ue~, anauxili~shock
frontemergesoutofthegrid(fig.21). Itthereforefollowsthatthe
gridischoked;thatis,sonicspeedisreachedsomewhereinthegrid.

Thestructureoftheemergingauxiliaryshockpattern(fig.21(a))
aiditsassociatedwavepattern(fig.21(b))followsthepatternofthe
griditself.Itisworthmentioningthatthereflectedshockfrontand
thisauxiliaryshockfrontaresimilarlyfacedandthatthetransmitted
shockisfacedoppositelytothem.

. .- —-—— — —— — ---— — - --..—. —— -— ——- —- —
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Successiveshadowgraphsoftheauxiliaryshockfrontatincreasing )

delaytimesettingsweretaken.
9

Theyrevealedthatthisaux.ilim?yshock
frontisquitedistortedandisbeingslowlywasheddownstreamat
graduallydecreasingspeeds.Forhstance,theauxiliaryshockfront
correspondingto S = 3.2 moveddownstreamabout5/8inch(distance
betweenthedownstreamedgeofthegridandtheleadingshocklet)in
1.3x 10-3second,thatis,ata averagespeedof40feetpersecond
(fig.21(b)). Ina subsequentshadowgraph(fig.21c).)theauxiliary

[shockfrontmoved1.5inchesin4.33x 10-3secondi.e.,anaverage

J
speedof29feetpersecond. Thisalsomeansthattheauxiliaryshock
fl?onttookabout3.03x 10- secondtocovera distance7/8inchbeyond
itspreviouslocationandthereforehadanaveragespeedof24feet
persecond.Itcanthereforebeinferredthattheauxiliaryshockfront
iSgrad- 61- down.However,incomparisonwiththecorresponding
particlevelocity~ of1,001feetpersecondbeldndthetransmitted
shock(fig.17),thespeedoftheauxiliaryshockfrontisverysmall. .

Behindtheauxiliaryshockfronttherealsoappearsa dismond-shaped
periodicwavestructure.Thisdemonstratesthattheflowemergingout
ofthegridissupersonic.Asmeasuredfromtheoriginalshadowgraphs
recordedbythecollJ.matedsourceoflight,theaveragehorizontaland
transversediagonalsofthisrepeatingdiamondpatternare0.29and
0.24inch,respectively.

.

Theobservedchokingofthegridiseasilyunderstood.Thereflected
shockbuildsupthepressurep3 atthe~streamfaceofthegrid.The
strongertheincidentshock,thegreateristhedifferencebetweenp3
andthepressurep5 inregion5behindthetransmittedshockwave
(fig.18). Region3 withitshighpressurep3 actslikea reservoir
locatedupstreamofthegridandtheflowexpandstolowerpressurep5.
Whentherequiredcriticalpressureisreached,thegridchokes.

The gridholes(circularorifices)actlikecrudenozzles.At
theirexittheflowe~sndssnddevelopsanauxiliaryshockfrontsimilar
toa terminalshockina supersonicwindtunnel.ThisauxilAaryshock
frontisinstrumentalh boostingthepressureoftheoverexpandedflow
outofthegridtothepressureintheregionbehindthetransmitted
shockwave.

Thepresenceofa similarauxiliaryshockisalsoobservedbehind
a “Swisscheese”gridprojectilefiredatsupersonicspeedsinaballistic
range (ref.4).

.

Thesoliti~ratio
~-A.

s
‘At



L

.

NACATN3680 25

is essentially thefractionaldegreetowhichthegridobstructsthe
flowIntheshocktube.Imagine-t thesolidandtheopenpartsof
thegridaresoarrangedthat,atthesectioninwhichthegridis
mounted,theyrepresenta idealizedandsynuuetricalcontractionand
thenenlargementofthecross-sectionalareaoftheshocktribe.The
minimumcrosssection(sayAw) thuscreatedisequivalentto ~, W
totalopensxeaofthegrid.

Furtherassumethatone-dimensionalisentropicflowconditionsare
stillvalid.Theseareobviouslycru&assumptions.However,thepres-
enceofanexpansionthroughthegridmakestheassumptionsofisentropic
flowa bitlessunpalatable,especiall.ypriortotheadventofthe
chokingphenomenon;

Undertheseassumptionsonehasathisdisposalthestandardarea-
ratio-ihh numberrelationshipforanisentropicone-dimensional
channelfluw(ref.21).

WhentheincidentshockstrengthS (or ~) reachesa certain
criticalvalue,theflowreachesMachnumber1 attheminimumcross
sectionAcr oftheshocktube.

Therefore 7+1

{ )’

- 1 ~32+12(7-1)
A12—= (28)
Aw ~ 7+1

2

IfoneexperimentallymeasuresU and.% forsomeincidentshock

strengthS forwhichthegridmanifestschoking,thenthecorresponding
Machnumber~ csnbecalculatedfromrelation(21).Thenbytheuse
ofrelation(28) (andsince AU ~ ~ and A ~ At),thesolidityratio
ofthegridcanbedetermined.

Forthecaseinhand,thefirstindicationofchokingappearedat
incidentshockstrengthS -3.0. Thephenomenonwasclearlyestablished
at S = 3.2(fig.21).ThecorrespondingMachnumber~ = 0.47
(fig.20)● Thecalculatedsolidi~ratios = 0.29.Thegridusedhad
a solidityratios= 0.25 (fig.5). Accordingto relation(28), the
gridshouldhavechokedat M3s O.x. Consideringtheboldassumptions
involved,theagreementissurprisinglygood.Ifoneweretotakeinto
considerationtheunavoitiblebouudary-lsyereffectsintheorificesof
thegrid,theeffectivesolidityofthegridwouldbeboundtobe some-
whatlargerthantheoneforwhichitisdrilled.

. . . . ——.. . . . . _____ —.— - . .. -—— —--—. ——. - .-. ....
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Thiscloseagreementencouragesonetopresumethat,fora gridof
knownsolidityratio,oneshouldbeabletopredict,withina tolerable

d

approximation,thevalueoftheMachnuuber~ oftheapproachingflow
at whichthegridwillgetchoked.However,a theoreticalanalysis ,
leadingtothepredictionofthestrengthofthereflectedandtrans-
mittedshockwaves(asfunctionsperhapsoftheeffectivesolidi~ratio
ofthegridandtheincidentshockstrength)wouldbeverydesirable.

ofreflectedshockfront.-Oneoftheassumptionsforthe
simplifiedanalysisdiscussedinthesectionentitled“Consideration
of%rioueWave-l!%ontsandAssociatedFlowFields”wasthatthetrans-
mittedandthereflectedshockfrontsareplaneandnormal.Itwas
experimentallydemonstratedthatwithincertainlimitsthisassumption
isquiterealistic.

Theshadowgraphsofthereflectedshockrecordedat“extended”
distances(about10inches)upstreamfromthegrid,however,revealan
a~eciablecurvatureintheshockfront.Thisisespeciallytrueof
relativelyhigherincidentshockstrengths(figs.15(d)and15(e)).

,,

Thecurvatureoriginatesnearthewallswherethe“softening”of
theshockfrontisquiteevident(fig.15(c)).Notethatthecurved
psrtoftheshockfrontleadsthecentralstraightpsrtoftheshock
front. Thefartherupstreamfromthegridonerecordstheseshadow-
graP~,W morepronouncedaretheseeffects.

Correspondingtostrongerincidentshockwaves,itisobservedthat,
evenatrelativelyshortdistancesupstreamfromthegrid,thereflected
shockfrontdevelqpsa X me ofbifurcation(seefig.15(d)). Shadow-
graphsofthesame(strengthwise)shockfrontatlatertistances,that
is,fartherupstream,revealthatthe h bifurcationhasprogressed
moretowardthecenterandthisX configurationisundiscernibly
“soft”intheregionnearerthewallswhilethecentralpertofthe
mainshockfrontisappreckbl.ycurved(fig.15(e)).

Obviouslyinteractionoftheshockwaveandboundm?ylayeris
responsibleforthesedistortionsinthetravelhgreflectedshockfront.
Thedriftmassflowp2u2associatedwiththetravelingincidentshock
wavegivesrisetoboundary-layerflownesrthewalls(region2,fig.1).
Thethiclmessofthisboundarylsyeratanyparticularlocationdepends
uponthetotaltimetheairpsrticles,setinmotionrelativetothe
wallsbythepassageoftheincidentshock,havebeeninmotion(ref.22).
Theintervaloftimebetweenthepassageoftheincidentshockatsome .
sectionupstreamfromthegridandthesubsequentarrivalofthereflected
shockfrontatthesamesectionislargerthefartherupstreamthatsec-
tionislocated.ThereforeitfollowsthatthecorresponMmgboundary- .
~er thicknesswillbecomparativelygreateratthatsection.



.

.

Also,thepressurebehindthereflectedshockfrontisappreciably
higherthantheoneaheadofit. Thisadversepressuregradientpropa-
gatesthroughtheboundary-layerregions(wheretheopposingparticle
velocityisslower)andislikelytoincreasethem.teofthickening-
oftheboundaryleyeraheadofthemainreflectedshockfront.There-
fore,fartherupstream&cm thegrid,theboundary-layerflowinteracts
withincreasinglylargersegmentsofthereflectedshockfrontand
eventuallytheobservedcurvatureinthereflectedshockfrontdevelops.

AthighershockstrengthsS~ ~,especiallyatlocationsabout
10inchesupstreamfromthegrid,thereflectedshockfrontbecomesso
distorted(fig.15(e))thattheassumptionofitsbeingplaneandnormal
(overtheentirecrosssection)isnolongerrealistic.Perhapsa
slightdropinthecalculated~ correspondingto S = 5.68iscaused
bysuchdeviations.Itcouldbethatifincidentshockwavesofeven
higherstrengthwereusedthiseffectwouldincrease.

Incidentally,all.theshadowgraphsreproducedinfigure15were
recordedbeforethecontactsurfaceflowinteractswiththesetraveling
reflectedshockfronts.Also,theinfluenceofthediffractedshocklets
originatingbecauseofsomeasymmetricdistributionofthesolidpaxts
atthecornersofthegrid(fig.8(d))wasconsideredofsecondary
hportsnceandhasbeen,therefore,overlookedintheabovediscussion.

The
distance

lirberactionofReflectedTransmittedShockWith

TurbulentContactFlow

transmittedshockbecomesqtiteplaneandnormalonlya short
downstreamfromthegrid.Itisreflectedattheclosedend

oftheshocktube.Thisreflectedshock(referredtohereasreflected
transmittedshock)advancesupstreamagainstthedriftflow(P5u5)
associatedwiththetransmittedshockandeventuallyinteractswiththe
turbulentcontactflow.

ofa

Twoarrangementswereusedtoobservethisinteraction:

(a)Theclosedendoftheshocktubewasonlyabout1 foot(length
singleglasssection)downstreamfromthegrid.

(b)Thegridwasmountedsuchthattheclosedendoftheshocktube
wasabout2 feetdownstreamfromthegrid.Thiswasachievedbyusing
twoglasssectionsinseriesandmountingthegridbetweenthefirst
glasssectionandthesteelsection.Thinrubbergasketswereusedto
cushionglass-to-steelandglass-to-glassjoints.Thisarrangement
alloweda longertimeofinteractionbetweenthereflectedtransmitted
shockandtheturbulentcontactflow.

..
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A sequenceofshadowgraphsisreproducedtodemonstratethedevelop-
mentofthisinteraction.Therelevantdataarelistedundereach
shadowgraph.

Thestraighteningupofthetransmittedshockisdemonstratedby
itsshadowgraphtakenatonly3 inchesdownstreamfromthegrid
(fig.12(a)).Theplanenessofthisshockfront,however,waschecked
~ a correspondingshadowgraphrecordedwithaninclinedbeamoflight
(seesection“Structureof!JhansmittedandReflectedShockFronts”).

Thistransmittedshockfrontisreflectedfromtheclosedendof
theshocktubelocatedabout2 feetdownstreamfromthegrid.The
reflectedtransmittedshocktravelsupstreamagainstthedriftflow
(generatedbythetransmittedshock).Beforeitenterstheturbulent
contactregion,thereflectedtransmittedshockfrontisquiteplane,
normal,andthin(fig.12(b)).Thewavepatternobservedonbothsides
ofthisadvancingshockfrontistheoneoriginallylinkedwiththe
transmittedshockwave.

Thereflectedtransmittedshockfrontenteredthecontactflowat
11inchesdownstreamfromtheupstreamfaceofthegrid(fig.12(c)).
Thecorrespondingdelayreading(2,491microseconds)forthereflected
transmittedshockfrontwasknown.Itwas,therefore,possibletocal-

R ~
tite themeanpsrticlevelocityU4)c-369 feetperseco oftie ,

contactflow.Also,thecorrespokngdriftvelocity(u5=~68feet
perseco~ wascalculatedfromthemeasuredtransmittedshockspeed.
Theagreementwasconsistentlygood,therebydemonstratingthevalidity
oftheusualassumptionp)c=’% acrossthecontactflow.

ticidentsJ3y,partofthesecondarywavepatternbehindtheshock
front(fig.1.2(c))wasassociatedearlierwiththetransmittedshock
front.Thecusp-shepedwavepatternoriginatedbecauseofsomeslight
imperfectioninthealinementatthejointbetweenthetwoglasssections.

Afterthetiteractionofshockendturbulentcontactflowhas
takenplaceforaboutO.~millisecond(distanceadvancedapproximately
6 inches),thereflectedtransmittedshockfronthasmovedtoa loca-
tion% inchesdownstreamofthegridanditsshadowgraph(collimated
lightbeamnomaltotheghsswindows)revealsconsiderabledistortion
andthickening(duetoshadoweffects)oftheshockfiont.(fig.12(d)).
Ifthesame(stren@hwise)shockfrontisshadowgraphedfrombehind
(collimatedlightbeamat4°inclinationstotheshockfront),thenthe
internaldistortionsintheshockfrontae resolved(fig.12(e)).The
intensestriationsinthisshadowgraphmostlikelymanifestthelocal
scaleofrandomfluctuationsintheflow.Asmeasuredfromtheoriginal
negative,theaveragelengthofthestriationsisroughly1/4inch.Ina

d

.

.
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similarshadowgraphofthereflectedtransmittedshockfronttaken
fartherdownstreamfromthegrid(similartofig.12(c)andnotrepro- .
ducedhere)thesestriationswereawarentl.ylessnumerousandmore
diffusedandtheiraveragelengthwasroughlyO.5inch.

Asthereflectedtransmittedshockfrontadvancestowardthegrid,
itexhibitsmoreregulardistortionswhichconformtothegeneralpattern
ofthegrid(figs.12(f)andI-2(g)).Thisessentiallyistheregionof
unmixedjetsissui~outofthearrayofthecircularorificesinthe
grid.Theregularbulge”patternintheshocksegmentsfacingthe
jetsoriginatedbecauseofshock-jetinteraction.Theweakshoc~ets
whi~ appesrslight~aheadofthemainshockfrontmostprobablyowe
theirexistencetotheshock- boundary-layerinteraction.This
inferenceisbasedontheobservedfactthatinthebuuudary-~r
region(onallwalls)theshockfrontpullsaheadofitscentralpor-
tion(fig.15(c)).

Incidentally,thenatureofthedistortionsofthereflected
transmittedshockfhontseemstoprovideaninterestingopticaldemon-
strationofmixing,spreading,andcoalescingofthesemultipleadja-
centjets.Thepresenceofa regularpatterninthedistortedshock
frontlocated’at1~inches(i.e.,5 meshlengths)downstreamfromthe

gridestablishe~thatthejetssxeyetnotfullycoalescedwitheach
other(fig.12(f)).However,iftheshockfrontislocatedatabout
~ inches(i.e.,about17meshlengths)downstreamofthegrid~the

absenceofanyregdardistortionpatternindicatesthatthejetsare
completelymixedandthatturbulentcontactflowfillstheentirecross
sectionoftheshocktube.Itmaybeaddedthattheshadowgraphofthe
shockfronttakenat2 inches(i.e.,8 meshlengths)downstreamofthe
gridalsodidnotexhibitsaywell-defineddistortionpattern.One
could,therefore,reasonablyinferthatinthepresentcasethemultip-
le jetscoalesceafteranequivalentdistanceofapproximately6mesh
lengths.

Fromtheset-of”shadowgraphsofthe’same(strength~se)transmitted
shockwave,someQpicalshadowgraphsofthereflectedtransmittedshock
travelingagainsttheturbulentcontactflowWereselectedinpairs.
Fromthedifferencebetweentheknownlocationoftheshockfront(i.e.,
distancetraveledbytheshock)ad thecorrespondingdifferencebetween .
thepresetdelayreadings(i.e.,thecorrespondingtimeinterval)the

()
averageexperimentalspeedofthereflectedtransmittedshockUT’c ..
canbecalculated.Forinstance,theshockfrontsinshadowgraphs-12(c)
and12(g)we’relocated10inchesapartandthedifferencebetweentheir
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correspondingdelaytimeswas&9 microseconds,thusgivinganaverage

()
%’ , of1,032feetpersecond.

TheseineprocedurewasextendedtocalculateUT’,thespeedof
thereflectedtransmittedshockfronttravelingagainstthedriftveloc-
ity ~. l?romtheconibinatlonoftheshadowgraphicdatainfigs12(a)
and1.2(b),thespeedofthereflectedtransmittedshockfrontwascal-
culated(~’ = 1,086feetpersecond).Sincetheexperimentalspeedof
thetransmittedshockinfigureI-2(a)wasknown,thetimeofitsarrival
attheclosedendwascalculatedandsubtractedfromthecorresponding
totaldelsyreadingof2,320microsecondsforthereflectedtransmitted
shockfrontinfigure12(b).Theremainder(842microseconds)wasthe
timethereflectedtransmittedshockfronttooktotravelfromthe
closedendtoitslocation,thatis,a distanceofM@- inches,including32
thethicknessoftherubbergasketbetweentheendplateandtheglass
section.Thespeed~’ ofthereflectedtransmittedshockfrontwasalso
calculatedfromthesuccessiveshadowgraphsofthereflectedtransmitted
shockalone.Thescatterintheobservedspeedsofthereflectedtrans- “
mittedshockfrontwasinsignificant.TheexpectedUT’ wasdetermined
fromtheexperimentalspeedUT ofthetransmittedshock(seerela-
tions(1.3)and(22)).

.

Thecomparisonbetween~‘ and (~’)C istabulatedbelow.The

calculationserebasedonthedatacollectedbyusingthegridwith
diameterofholesequalto0.25inchandsoliditiratio
a singleincidentshockstrength.

s

1.58

1.58

~.58

L.58

1.55 1.2(a),12(b)

1.55 U(C),12(d)

1.55 12(c),12(f)

1.55 u(c),12(g)

Observed
U@’,ft~sec

1,086t 5

1,086* 5

1,086t 5

1,086* 5

Expected
UTf, ft/sec

l,08g* 2

1,08$)* 2

l,o(lg* 2

l,08gf 2

s–=0.25 for

----------

I,oklt 20

1,055t 20

1,032* 20
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Itmsybeworthwhiletopointoutthatwhileshadowgraphing
step-by-stepadvanceofthereflectedtransmittedshockfrontin
contactflowitwasobservedthatintwosuccessiveshadowgraphs

31

the
ofthe

samereflectedtransmittedshockfront,rec~dedbykepingthedelay
andtheincidentshockstrengththesame,theshockfrontwouldappear
atslightlydifferentlocations.Thisrandomscatterwasmoreapparent
thefartherupstresmendthenearertothegridtheshockfrontwasshadow-
graphed.FortheincidentshockstrengthS = 1.58,themaximumscatter
observedwastl/8inch(i.e.,equivalentto*10microseconds).The
observedscatterintherecordedtimeintervalfortheincidentand
transmittedshockspeedwasseldommorethan+Jmicrosecondina time
intervalofovera millisecond.(Theincidentshock(S=l.58)took,
ontheaverage,1,182microsecondstocovera distauceof19.7inches
betweentwotidnghot-wires.) Anyvariationsintheincidentshock
strength,howeverslight,havebeentakenintoaccountandthedata
(suchasdelaytime)refertoa singleincidentshockstrengths= 1.58.
Also,thereprcducibili~(locationwise)ofthereflectedtransmitted
shockbeforeitentersthecontactflowwasvery-tisistent.Therefore,
theobservedrandomnessinthelocationofthereflectedtransmitted
shockcouldnotbeattributedtosomeerraticbehavioroftheelectric
system.It~, therefore,beconjecturedthatthestateofthetur-
bulentcontactflowisinstrumentalinintroducingtheobservedscatter
inthespeedofthereflectedtransmittedshockflmnt.’Evenifthis
scatteristakenintoaccount,itwillatmostchangetheobserved
speedsofthereflectedtransmittedshockfrontby*2percent.The
averageobservedreductioninthereflectedtransmittedshockspeed
UT‘ duetoitspassagethroughtheturbulentcontactflowisabout
5percent.Therefore,onecaninferthatshock-waveandturbulent-flow
interactionresultsinsomedissipationoftheshockstrength.Since
thecompletedataforsuchcalculationswereavailableforonlyone
incidentshockstrength(i.e.,S = 1.58),theaboveconclusionshould
beconsideredtentative.

(Theimportanceoftheshock-turbulenceinteraction(especia12yfor
itscontributiontowardaerodynamicnoisegeneration)hasbeenbrought
s~lyinto focusbyrecentpublicationsofLighthill,Ribner,and
KOvmmay (refs.23to25)and.Others.ApplyingLight~’s _iS “
oftheweakshock-turbulenceinteractiontothepresentcasewhere
ST’

I
= P6P5= 1.51,thetotalenergyscatteredbyshock-turbulenceinter-

actionisappro-tely 8(ST’- 1)/37(7+1) timesthekineticenergy
of
be
of
of
by

turbulencetraversedby-thesho~k.Thescatteredenergywillnormally
expectedtomsnifestitselfassoundener . Sincethelocalspeed

(%?sounda6 isgreaterthanthespeed ‘c oftheshockfront,most
thescatteredenergywilJ.catchupwiththeshockfrontandbeabsorbed
it.)
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is givenasa fractionofthekinetic
theshockwave: *

‘w -93’2-l.o(s~,-1)2+o+, -y/2
For ST’= 1.51,approximatelylopercentoftheenergyofturbulence
traversedbytheshockfrontshould,therefore,befreelyscattered.
However,inspiteoftheintensemassfluctuationsinthecontact-flow
region(roughly15percentofthesteadymassflowp u4 ~ (seerefs.2
and3 andfig.23(a)),theshadowgraphsoftheshock-turbulencetiter-
actiondidnotexhibitanydistinctsoundscatteringinthere@.onbehind
theShockfront(figs.12(d)and1.2(j)).)

Itisregrettedthatonlyoneglasssectionwaseffectivelyutilized
forobservingtheinteractionofturbulentcontactflawandshock.It
wouldhavebeenworthwhilesotosrrangetheclosedendoftheshock
tubethatthereflectedtransmittedshockwavewasmadetoenterthe
contactflowfartherdownstreamfromthegrid.Thustheinteraction
couldhavebeenextendedoverlongeryeriodscoveringthetotalspan
(24inches)ofbothglasssections.

Thereisoneaspectoftheproblemwhichstillremainstobepointed
out.Fromexperimentalobservations(seesectionentitled“Osclllomamtic
Records”) it%

temperature(and

where(T4)Cis

meantemperature
Stncethegason

beenestablishedthatthecontactfrontrepresents-a-

()T4
thereforedensity)discontinuitysuchthatJ>l

theme~ temperattieofthecontactflow- T5 isthe

ofthedriftflowbehindthetransmittedshockwave.
bothsidesofthecontactfrontisairandtheoperating

h

.

shockstrengthssretierate,itisreasonabletoassumethat 7 and
~, thespecificheatatconstsntvolume,areconstant.Itmeansthat
theratiooftheinternalenergiesper
thecontactfrontiseg@vaJ.enttothe

(4)e c> 1 wheree standsTherefore—

unit massofthegasesacross
correspondingtemperatureratio.

fortheinternalenergyperunit
‘5

massofthegas.

Whenthereflectedtransmittedshockfrontcollldeswiththistype
.

ofenergydiscontinuityacrossthecontactfront$theso-calledabsorp-
tionoftheincidentshocktakesplace;thatis,a rsrefactionwaveand .
a newcontactsurfaceoriginate(notshowninfig.1)andthetrans-
mittedpartofthereflectedtransmittedshockfrontisweaker(i.e.,
slower‘hspeed)thanitsprecollisionstrength
details).

(seerefs.6 and26for
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Sucha rarefactionwavewasnotobserved.(See,however,legendof
fig.12(c).) Itistruethattheshadowgraphictechniqueisnotbest
suitedforsuchsaobservation.However,,somesimilarinvestigations
oftheinteractionofthereflectedshockandtheusualcontactfront
(thegasoriginallyinthecompressionchsaber)normallyencounteredin
air-airoperationsofa shocktubesredescribedinreference6. Since
thereisa sharpdownwardtemperaturejumpacrossthecontactfront
(fortheexperimentaldemonstrationofthisfactseefig.15inref.2
andfig.5 inref.7),theratiooftheinternalenergiesperunitmass
ofthegasesacrossthecontactfrontislessthan1. Thisfavors
amplificationoftheincidentshockand”theoriginofa reflectedshock
anda newcontactsurface.Inspiteofthefactthatthisinteraction
wasobservedwhenthedownward temperatureJumpacrossthecontact
frontwasashighasxOO C,itisreportedthatnoreflectedshock
wasnoticed(ref.6).

Itwouldnot,therefae,besurprisingifthe~ected rerefaction
doesnotmanifestitselfinthepresentcasewhereanupwardtemperature
jumpofonlya fewdegrees(about5° C correspondingtoS= 1.58 and

0 c) occurs.T5= 41 Itisfurtherbelievedthatthistemperaturedis-
continuityacrossthecontactfrontintheshock-gridinteractionexperi-
ments,thoughsizableincomparisonwithvaluesof T5 forweekticident
shockwaves,wi12.alwaysstaycomparativelysmallinabsolutemagnitude.
AstheincidentshockstrengthS isi?m?eased,boththetransmittedand
reflectedshockfrontgab instrength.Therefore,while4 = P3-P5
increases,thecorrespondingtemp=atureT3 (equivalenttotheusual
reservoirtemperatureintheoperationofa windtunnelortemperature
ofcompressionchamberinthenormal.operationofa shocktube)also
progressivelyincreases.Tbiswilltendtokeepthetemperaturedis-

(k)continuity~ = T c - T5 acrossthecontactfrontcomparativelys~.

It,therefore,doesnotseemlikea drasticsimplificationiftheobserved
weakeningofthereflectedtransmittedshockfrontisattributedpri-
marilytothe”turbulentflawandshockinteractingandthecontribution
ofthetemperatureriseacrossthecontactisconsideredsecondary.One
should,however,becautiousaboutextendingthissi@ificationto
observationsmadeintheeqsion regionintheveryneighborhoodof
thegrid. ,

Forthegridwithholdsofdiameterof0.512inchandsolidityratio
s of0.25,a similarsequenceofswowgraphsiSreproduced(figs.U(h)
to12(o)).Theincidentshockstrengthis S = 1.387.onlyom ~ss
section(I.2incheslong)wasthenavailable.Therefore,thereflected

Lshockfrontenteredtheturbulentc tactflowatabout5 inchesdown-
streamfromthegrid.Theinteractiontimewasobviouslyshorterthan
thatforthearrangementdiscussedabove.Thisisoneofthereasons
whythesecondglasssectionwasbuilt.Sincethe~erimentalspeed

. . . ... —-. -- — ——. — -..—— — --.-. —-— . — ———.. -— —
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ofthetransmittedshockwasnotrecorded,thecoruparisonbetween
(UT’)Ccalculatedfromtheshadowgraphdatareproducedhereandthe
“expected”UT’ wasnotpossible.

H thereflectedtransmittedshockfrontisfolloweduntilitcol-
lideswiththegrid,itsplitsintoitstransmittedandreflectedparts.
Thereflectedpsrtlooksveryweakanddisconnectednearthegrid
(fig.M!(z))butlateronformsintoa wavefront(fig.12(m))which
movesdownstreamwithanaveragespeedofabout808feetpersecond.

Theshadow~aphsofthereflectedtransmittedshockofdifferent
strengthsnearthesamegrid(figs.1.2(k)and12(o))demonstratethat
thedistortionssre.morepronouncedinthecaseof‘thestrongershock
front.Thereflectedtransmittedshockfrontcorrespondingto S = 1.387
(fig.12(k)) exhibitsa strongly“shredded”shockfront,whilethe
reflectedtransmittedshockfrontcorrespondingto S = 1.09hasdevel.
opedonlya gentlesinusoidalshape(fig.I-2(o)).Itmay,h~ever,be
addedthat,correspondingtotheweakershock,theopticalsensitivity
isconsiderablyreduced.h someshadowgraphstheapparentfluctuation
levelatthebackoftheshockfrontse= ~obe
(figs.I-2(f)and12(j)).Consideringthehigher
theshock,this,too,-be anopticaleffect.

The
behavior
overthe
gramsof

osclImQMPmcREcms

so&&xt enhanced
densitylevelbehind

hot-wireanemometerhasbeenusedtoinvestigatetheflow
behindthegrids.Thepassageofa transmittedshockwave
hot-wireisdemonstratedinfigure22. Twot~icaloscillo-
thehot-tieresponsetothetravelingtransmittedshockfront

andthesubsequentflowfieldarereproduced(fig.23).

Dependinguponitsoperatingconditions,thehot-wire
issensitivetotemperaturesnd/ormass-flowfluctuations.
theoscillogrsms(fig.23(a)),thehot-wireisoperatedat
initialtemperature(i.e.,largecurrentthroughthewire;
dataseefig.23)andisthereforepredominantlysensitive
fluctuations.Fortheotheroscillogram(fig.23(b)),the

anemometer
Foroneof
considerable
forrelevant
tomass-flow
hot-wireis

onlyslightlyheated(i.e.,smallcurrentthroughthewire)anditis
thereforesensitivemainlytotemperaturefluctuationintheflow.The
hot-wireisorientedperpendiculartothemean-flowdirectionandis

9locatedl— inchesdownstreamofthegridatthecenteroftheshock-
16

tibecrosssection.

Theresponseofa hot-wirerepresentsthetimehistoryoftheflow
atthelocationofthewire.Itisevidentfromtheseoscillograms
that,whenthetransmittedshockreachesthehot-wire,thereisa
suddenjump(se~ntA infig.23)whichisfollowedbythehot-wire
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responsetothedrift
mittedshockwaveend

flowinregion5,whichisboundedbythetrans-
thecontactflowfront.

Thisdriftflowinregion5 iscomposedofthemassofairinitiaUy
atrestdownstreamofthegrid.Khowingtheexperimentalspeedofthe
transmittedshock,theparticlevelocityU5 canbecalculatedfrom
relation(n) (fig.17).Therefore,ifthelocationofthehot-wire
downstreamfromthegridisknown,thee~ectedtimeinterval&
betweenthepassageoftheshockfrontandthesubsequentarrivalof
thecontactfrontatthehot-wirecanbecalculated.Forthecasein
-? =368feetpersecond(fig.17),and-thedistancebetween
thedownstreamfaceofthegridandhot-wireis~ inch;therefore

thee~ectedM = 354microseconds.ThecorrespondingAt,asmeas-
uredfromtheoscilloggans(fig.23),isappro~tely350microseconds.
Thiscloseagreementmeansthatevenveryclosetothegridthedrift
velocitygeneratedbythepassageofthetransmittedshockisalmost
equal.tothatgeneratedbyitfartherdownstream.Thisobservation,
therefcme,supportstheassumptionmadeinthesectionentitled
“AssumedWaveModelandAssociatedFieldsofFlow”thatthetransmitted
shockfrontattainsconstantvelocity(orstrength)onlya shortdis-
tancedownstreamfromthegrid.

Correspondingtothecontactflow(segmentB infig.23),thehot-
wireresponseexhibitsfluctuations.Besidethedistinctandappreciable
jumpconcurrentwiththe”srrivaloftheturbulentcontacttiontatthe
hot-wire,therealsoappeara numberofsmallsubsequentsecondaryjmps
duetofluctuationsinthelevelofthemeantemperatureandmassflow.
Thesejumpsarecorrelated(timewise)betweenthetemperatureandmass-
flowoscillogramsandthesmalleronesareprobablycausedbymultiple
diffractionwave2etsfrombothsidesofthegrid.Thebasetracein
theseoscillograms(i.e.,D infig.23)indicatesthenoiselevelof
theequipmentattheoperatingconditionsbeforetheshockisgenerated
andthesinusoidalwave.C servesasthecalibrations@al forboth
amplitudeandtime.

Thetemperatureoscillogam(fig.23(b),segmentB)revealsthat
themeantemperature(~)c intheturbulentcontactflowissomewhat
higherthanthecorrespondingmeantemperatureT5 oftheflowbehind

thetransmittedshockandthat (T4)c driftsupwardswiththeincreasing
time.

Fromthecorrespondingmass-flowoscil.logam(fig.23(a),segmentB)
itisobservedthat,concurrentwiththearrivalofthecontactfrontat
thehot-wire,thereisa stepdownj- inthelevelofthesignal.This
suddenreductioninthenegativesignallevelisperhapsduetothe
effectofthereducedmassflowand/orincreasedmeantemperatureinthe
contactflow.Boththeseeffectswill.influencethemass-flowjumpin
thesamedirection.Theturbulentcontactflow(fig.8)iscomposedof

. . ..-— .— ...- ——— — —. .-. —— -——.— —---— —— .—. —- -- —-—
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theairupstreamfromthegridinregion3. Thismassofairistwice
“shocked”(bytheincidentandthereflectedshocks)beforeitflows
throughthegridandthrice

.
“shocked”afterthechokingstateisreached.

!lh5refore,itsstartingtemperature,densi@,andpressurearehigher
anditsparticlevelocityislowerthanthecorrespondingflowparameters
ofregion5 (figs.17,18,and19). Sinceattheinterfacethecondi.
tions(p4)c-P5 ~ (w)c+% ~ve tobe satisfied~~ em~sion
throughthegridisinevitable.However,inspiteofthisexpansim,
(T4)~ isstillgreaterthanT~ byabout5°C. Itthereforefollows
that (P4)C< P5 (seeref.10). Incidentally,thisdemonstratesthat

thenatureofthiscontactflowisoppositetotheusualcontactflow
encounteredina shocktube(seesectionentitled“lhteractionofReflected
TransmittedShockWithTurbulentContactFlow”).

‘ Byoperatingthesanehot-wireattwodifferentinitial.temperatures
forthesameshockstrength(fig.23),thetemperaturesoftheflow
behindthetransmittedshockwaveswerecalculatedforshockstrengths
S gl.6 (fordetailsofprocedure,seeref.2). Thesetemperatures
werealsocalculatedfromrelatim(15)byusingtheexperimentalspeeds
ofthetransmittedshocks.Theagreementwasquitesatisfactory. .

Byoperatingthessmehot-wireatthreedifferentinitialoperating
temperaturesforthesameshockstrength,itisfeasibletoseparatethe
mean-mass-flowandtemperature3UDIPSandalsothelevelofthetempera-
tureandmass-flowfluctuationsandtheircorrelations(refs.2 and27).

Thehot-wireisoperatedhereh a constsmt-heating-currentarrange-
ment.Iftheimitialoperatingtemperatureofthehot-wireissubstan-
tiallyhigherthantheexpectedtemperatureoftheflowassociatedwith
thetransmittedshock,then,afterthepassageoftheshockfront,the
hot-wiretemperaturefalls.Thisreducesitssensitivitytoanysubse-
quentmass-flowfluctuations.Itisbe~evedthat,ifthiswerenotso,
theobservedstepdownjumpcorrespondingtothearrivalofthecontact
flowwouldhavebeenmmemibstantial(seefig.23(a),segmentB).

.
Theconstant-temperatureoperationofthehot-wireisa comparatively

bettertechniquewhena flowwithsuchlargefluctuationsisunder
investigation.Sinceonlyconstant-currenthot-wireequipmentwas
available,anattemptwasmadetocombinethefunctlcmsoftheconstant-
currentandconstant-temperatureoperationofa hot-wire.Theheating
current,inthehot-tieeqpipmentused,wascontrolledbypowertubes
witha multiplebridgeasthecathodeload.Itwaspossible,therefore,
tosuperimposea suitablevoltagepulsetothecontrolgridofthepower
tubeandincreasethecurrentthroughthehot-wire,thusincreasingits
temperatureandeffectivesensitivity.

To achievethis,a univibratorwasusedasthesourceofa rec-
tangularvoltagepulsewhichwascoupledtothecontrolgridofthe

. . —-. —
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powertube.Thetriggeringoftheunivibratorshouldbesosynchronized
that,justafterthepassageofthetransmittedshockoverthehot-wire,
theadditionalcurrentpassesthroughthehot-wire.Thedurationof
thisquasi-stablestate(i.e.,de- time)shouldbesuchthattheaddi-
tionalcurrentiscutoffbeforetheflowslowsdown;otherwise,the
wirewillbeburned.Preliminarytrialofthisarrangementwasencour-
aging,butnoe~erimentaldatawerecollected.

Thehead-onhittingofthehot-wirebytheflyingcellophanepieces
ofthediaphragmusedtobea majorcauseofhot-wirefailures.The
presenceofthegridinthepathoftheseflyingpieceseliminatedthis
difficultyanditwasthereforepossibletousethesamehot-wireover
anextendedperiod.

CONCLUDINGREMARKS

Forinvestigatingthevsriousaspectsoftheinteractionoftraveling
shockwaveswithgridsmountedintheirpathina shocktube,thecom-
bineduseoftheshadowgraphicandhot-wiretechniqueshasprovedquite
fruitfulandreliable.Theinvestigationofthenatureoftheturbulent
contactflowanditseffectontheveloci~ofthereflectedtransmitted
shockfrontcouldbeextendedwithoutanysignificantalterationinthe
presente~erimentalarrangement.

However,byincorporatingsomeofthesuggestedimprovementsin
thetimingandtriggeringeqtipmentandbysubstitutinga constant-
temperaturehot-wiresetwitha highfrequencyrange,thescopeofthis
investigationcouldbeconsiderablyenlarged.

Whenveryweakincidentshockwaveswereusedand/orwhenthe
shocktubewasoperatedatlowdensities,thesensitivityoftheoptical
systemtoanyflowfluctuationswasconsiderablyreduced.Evenfor
thislow-densityoperationa hot-wireanemometerwillstillrespondto
auytransientfluctuationsintheflowfield- a decidedadvantage
overtheopticalarrangements.

TheJohnsHopkinsUniversi@,
Baltimore,Md.,Msy9,1955.
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x . Reflected Transmitted Shock

Shock Wave

me l.- Aastnnedwavemodel for interaction of shock wane and grid.
x, distancedownstreamfrcm diaphragm located at x = O; t, time dta
diaphragm10 rupturedat t = O.
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Figure2.- Sketch Showing various flow regions.
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Figure3.-Shocktube.
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(a)Dismeterof

(b)Diameterof
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L-95(325
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holes,0.25inch;solidityratios,o.2~.

holes,0.512inch;solidityratios,0.25.

5.-Gridsusedininvestigation.
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Figure7.- L-92438Workingsectionandsxaxmgementfortakingshadowgraphs.
A, sparkpointsourceof light;B,collimatinglens;C,timingand
triggeringhot-tie;D, grid.
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- Oontact flow - shcak fr
1

(a)!lhvmmittedshock;diver-
gentbeam of 13ghtwith
shockfrontabout4° off
axis of beam. Delay,
120 microseconds;d,
O,m inch.

~ Turbulsnt man.smitteaJ
cent.90t fl.w shook front

(b)Transmittedshock;diver-
gentbeam of lightw5th
shockfrontaboutp“ off
axis of beam. Dew,
1~ microseconds;d,
0.~12inch.

‘Transmitted_
ShOck fl’’cult

,

.

L-95826

(c)!Cmnmitted shock;diver-
gentbeam of lightwith
shockfrontin linewith
axis of beam. De@y,
120 microseconds; d,
0.512inch.

l?lgure8.-Shadowgraphs of transmittedand reflectecishockthrough25-percent-solidi@grid.
. . . .

s = 1.58.
—
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Turbulent ~
contact fl.w

(d) Transmitted and reflectedshock;
gridmountedbetweentwo glaas
sectione;divergentbeem of light
with shockfrontsoff axis of beam.
Delay,140microsecczule;d,
0.5U2inch.

,.

mm-t J
contaot now L-95827

(e)Transmittedand reflectedshock}

RQW= 8.-continued.

gridmouutedbetweentwo ghes
sectione;collimatedbeam of light
(fieldof view,4.4inches).
Delay, lb microsecond J d, 1!

0.512Inch. !a
~
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(f)Transmittedand reflectedshock;
gridmcnntedbetweeentwo glass
sections;divergentbeam of Mght
with shockfrontsoff axis of beam.
wlay, 60 microseconds;d,
0.25 inch; ~ = 1.11; ST = 1.55.

YReflected
/L

Transmitted
shock shock

Turbulent~
contactflow L-95826

Figure8.-Concluded.

(g)Tranmnittedandreflectedshock;
grid mountedbetweentwo glass
sections;collimatedbeen of light
{fieldof View,2.6inches). Note
refractionwsws followingshock
waves. Delay,60 microseconds;d,
0.25inch;~ = 1.U; sT .1.55.
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Transmitted~
shockfront L-9583

(a)Transmittedshock;collimatedbesmoflight(fieldofview,
2.6inches);shockfrontlocated3 inchesdownstreamfrom
grid;delay,200microseconds.S = 1.58;ST= ~.55;
d = 0.25inch.

Figure12.-Wteractionofreflectedtransmittedshockwithturbulent
contactflowthrough25-percent-soliditygrid.
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Reflectedtransmitted~

shockfront L-95830

(b)Reflectedtransmittedshock;collhatedbeamoflight(fieldofview,

4.4inches);shockfrontlocatedl~inches downstreamfromgrid;

delay,2,5X)microseconds;closede~=2% inches

s = 1.58; ~= 1.57; ~’ =1.51;d= 0.25tich.

Figure12.-Conttiued.

downstreamfromgrid.
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(c)Reflectedtr~tittidshock;colMmatedbe~ofL@ht (fieldofview,
4.4inches);shockfrontlocated15 inchesdownstreamfrm grid;delay

2,531microseconds;closedend2 feetdownstreamfrommid. S. 1.W%
~= 1.55;~’~1.~l; d= 0.2yinch.Atback
frontandweakwawefrontR waaobservedsmd
a rarefactionwavefrontisnotruledout.

Figure12.-Continued.
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(d)Reflectedtransmittedshock;collimatedbesmoflight(fieldofview,

4.4ticks);shockfrontlocated~inchesdownstreamfromgrid;delay,

3,010microseconds;closedend2 feetdownstreamfromgrid.S= 1.58;
~= 1.55;~’ =$1.51;d= 0.25inch.

Figure12.- Continued.
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Reflectedtransmitted~ L-95833
shockfrent

(e)Reflectedtransmittedshock;collimatedbeemoflightinclinedat
4°anglewithrespecttoshockfront(fieldofview,4.4inches);
shockfrontlocatedapproximate~~ tithesdownstreamfromgrid;

4
delay}3,0&lmicroseconds;closedend2 feetdownstreamfromgrid.
s= 1.58;+= 1.55;~’ =1.51; d= 0,25inch.

l?igure32.. Conttiued.
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Turbulentcontacb
flow(jets).

\Reflectedtransmitted
shockfront

(f)Reflectedtrsnsmi.ttedshockandturbulentcontact
~ted beamoflight(fieldofview,4..4inches);

>95834

flow(jets);col-
shockfrontlocated

l~tichesdownstresmfromgrid;de-, 3,230

2 feetdownstreamfkomgrid.S = 1.58;ST=
d= 0.25tich.

l?lgure12.-Continued.

microseconds;closedend

1.55;ST’-1.51;

.
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I
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J J

Reflectedtransmitted
shockfront L-95835

(d Reflectedtr~~tted sho~;co-ted be- oflight(fieldoftiew,
4.4inches);shockfrontlocatedl/4imhdownstresmfhmgrid; de~,
3,3k0microseconds;closedend2feetdownstreamfromgrid.S= 1.58;
ST= 1.55;E& -1.51;d= 0.25inch.

Figure12.-Continued.
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.958:36

(h)Transmittedshock;divergentbesmoflightwithshockfrontinline
withaxisofbesm;delay,27microseconds;closedend12inchesdown-
streamfromgrid.S = 1.387; d = 0.512inch.

FiWe 12.- Continued.
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Reflectedtransmitted_\ . --m__
shockfront L-y>057

(i.)Reflectedtransmittedshock;collhatedbeamoflight(fieldofview,
4.4inches);delay,816microseconds;closedend12inchesdownstream
fromgrid.S = 1.387;d= O.51.2inch.

Figure12.-Continued.
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Reflectedtransmitted.

*

. A

● A

shockfront L-95838

(j) ReflecWdtransmittedshock;collimatedbeamoflight(fieldofview,
4.4inches);delay,1,581microseconds;closedend12inchesdownstream
fromgrid.S = 1.387;d = 0.512inch.

Figure12.-Continued.
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L Reflectedtransmitted
shockfront

63

L-95839

(k)Reflectedtransmittedshock;collimatedbesmofIdght(fieldofview,
2.6inches);de-, 1,676microseconds;cI.Osedendu inchesdownstream
fromgrid.S= 1.387;d= o.512inch.

Figure12.-Continued.
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L-9584.O

(2) Reflectedtransmittedshockagainreflectedfromgrid;collimated
besmoflight(fieldofview,4.4 inches); ddq, 1,716microseconds;
closedend1.2inchesdownstreamfromgrid. S = 1.387;d = 0.512inch.

Figure12.- Continued.
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.

L-95841

(m)Reflectedtransmittedshocksgainreflectedfromgrid;collimated
besmof light(fieldofview,4.4 inches);delay,1,916 microseconds;
closedend12inchesdownstreamfromgrid. S = 1.387; d = 0.512inch.

Figure12.-Continued.

—._ ._.. .... .. . . . _ —.. . —___.._.



66 NACATN 36&)

z-Transtittedshock
(n)Transmittedshock;col-
lhted beamoflight
(fieldofview,
2.6inches);delay,
30microseconds;closed
end12inchesdownstream
fromgrid.S = 1.09;
d = 0.512inch.

~Ref lectedtransmitted
shock

L-95%2

(o)Reflectedtransmitted
shock; colltitedbesm
oflight(fieldofview,
2.6iIICheS ) ; deby,
1,790microseconds;
closedend12inches
downstreamfromgrid.
s = 1.09;d = 0.512inch.

Figure1.2.-Concluded.
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Figure14.- Reynoldsnumberversusshockstrength.R~3. %%beff.
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L-95t143

(a)Collimatedbeam of light (field
of view,2.6inches);shockfront
located9: inchesqmtresm frcm

@dj deky, l,580mlcroseconds.
S = 1..387;~ = 1.091;~ = 1.373.

Figure15.-Appearanceof curvaturein shock

(b)Collimatedbeam of Ij.ght(field
of view,2.6inches);shockfront

located~ inchesupstreamfrcun

~idj C@&j
S = 1.98; f+

frontreflectedfrcm gridwith
holes.

1,T80microseconds.
= 1.139;sT = 1.957.

0.2~-inch-diameter
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(c)ColU.matedbeam of light(fieldof
view,4.4 inches);shockfront

located~ Inchesupstreamfrcmgrid;

delay, 430 microseconds.S = 3.2;
y = 1.461; ST = 3.05.

,

Fiw X5.- Continued.

L-95844

(d)Col.limtedbeam of light (field
of view,2.6inches);shock
frontlocated2 inchesupstream
fromgrid;del_ay,780 microsec-
onds. S E ~.68j ~ =2.095;

~ = 5.163.
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L-95845
(e) Collimatedbeamoflight(fieldofview,2.6inches);shockfront
located9?inchesupstreamfromgrid;delay,2,1~microseconds.

S= 5.68;~= 2.095;ST=5.163.

Figure15.-Concluded.
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Figure16. - Shockvelocitiesversusincidentshockstrength.
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AReflected

J

\Transmitted L
shock Auxiliaryshockfront

shock
Auxiliary
shockfront

L-95846

(a)Col.limstedbeam of light (field (b)collimatedbean of light (field
of view,2.6inches). MIW,
65microseconds.

ofview,2.6inc~s). Mlay,
1,370microseconds.

Figure21.- Emergenceof an auxiliaryshockfrontthrougha 25-percent-sollditygridwith
O.25-inch-diswterholes. S E 3.2jST = 3.05.
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Auxilisryshockfront~

(c)Collimatedbeamoflight(fieldofview,k.hinches).
Delay,4,330microseconds.

Figure21. - Concluded.

.

.
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Figure22.-

,,

Passageofa transmitted

L-95W3

shockwaveoverhot-wirepro-be.
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(a) Mass-flow response.
Current,27.74mlJJ.l-
smperes;resls*ce of
tireWitihno current
throughit,10.39ohms;
operatingresistance,
15.72 ohms;ccmrpensa-

tion,0.175 X 10-5 sec-
ond; calibrationsignal,
45millivoltarootman
squareat10 ldlocyclee.

e?

(b)Temperatureresponse.
Current,2 mllllamperee;
operatingreai8tance,
9.94ohms;Cmllpsneatlon,
0.17 x 10-3 second;cal-
ibrationEIignal,
1.8 miJJ.ivoltsrootmean
squareat 10 kilocycles.

1!
I

1 23. -Ms,ss#Mw and temperatureresponseto _bravEMw transmittedshock. S = 1.9;
[=1.’35.A, jumpduetotranemlttedshock;B, contactsurf~ceflow;C, calibrationsi@j

‘basetracefor noisecalMn’ation.Locationof hot-tie, ~ Inchesdownstreamfrcmgrid.
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